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Abstract
The dynamics of polarized fluorescence in NADH at 460 nm under two-photon
excitation at 720 nm by femtosecond laser pulses in water-methanol solutions has been
studied experimentally and theoretically as a function of methanol concentration. A
number of fluorescence parameters have been determined from experiment by means of
the global fit procedure and then compared with the results reported by other authors.
A comprehensive analysis of experimental errors was made. The interpretation of the
experimental results obtained was supported by ab initio calculations of the structure
of NADH and NMNH in various solutions. The main results obtained are as follows. An
explanation of the heterogeneity in the measured decay times in NADH and NMNH
has been suggested based on the influence of the internal molecular electric field in
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the nicotinamide ring on non-radiative decay rates. We suggest that different charge
distributions in the cis and trans configurations result in different internal electrostatic
field distributions that lead to the decay time heterogeneity. The experimental data
was fitted satisfactory by two exponents with isotropic decay times τ1 and τ2 and a
single exponent with the rotational diffusion time τr, while the inclusion of additional
exponential decays did not improve the fit quality within given experimental errors.
A slight but noticeable rise of the decay times τ1 and τ2 with methanol concentration
was observed and treated as a minor effect of a non-radiative relaxation slowing due to
the decrease of solution polarity. The analysis of the rotational diffusion time τr as a
function of methanol concentration on the basis of the Stokes-Einstein-Debye equation
allowed for determination of relative concentrations of the folded and unfolded NADH
conformations in solutions. The analysis of the fluorescence anisotropy parameters and
parameter Ω determined from experiment allowed for determination of the two-photon
excitation tensor components and suggested the existence of two excitation channels
with comparable intensities. These were the longitudinal excitation channel dominated
by the two-photon diagonal tensor component Szz in the direction Z approximately
parallel to the long axis of the nicotinamide ring and the mixed excitation channel
dominated by the off-diagonal tensor components |S2xz + S2yz|1/2.
Introduction
Nicotinamide adenine dinucleotide (NAD) is an important natural biological cofactor essen-
tial for regulation of redox reactions and metabolic pathways in living cells that is intensively
used for decades as an indicator of the metabolic states.1–3 As known,4 hydride-carrying
processes occur between substrate and a nicotinamide ring in the course of redox reactions
resulting in the oxidation of NAD from its reduced form NADH to the oxidized form NAD+.
Alterations in redox balance indicating changes in cellular metabolism can be characterized
by the ratio of fractional concentrations of the oxidized and reduced forms of NAD.5 In their
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pioneering works Chance et al.1,6 have demonstrated that NADH exhibits autofluorescence
in its reduced form, whereas NAD+ is not fluorescent. The reduced form of NAD has two
UV absorption bands with maxima at about 260 nm and 340 nm associated with adenine
(AD) and nicotinamide (NA) chromophore groups, respectively and a fluorescence band with
a hump at 460 nm. In turn, the oxidized form NAD+ has only one absorption band peaked
at 260 nm and does not fluoresce. Chance et al.1,6 suggested that the changes occurring
in redox state in cancer cells can be effectively studied by monitoring NADH fluorescence.
This approach was developed and widely used by many groups (see, e.g.7,8) however further
experiments elucidated a number of biological and technical problems dealing with light
scattering in tissue, absorption of the laser light at 360 nm by other intracellular species,
and the influence of a number of factors on fluorescence intensity.
To overcome these problems Lakowicz et al.9 employed the measurements of NADH fluo-
rescence lifetimes that are independent of light intensity and can be used for separation of free
and protein-bound NADH quantitatively. Fluorescence lifetime imaging microscopy (FLIM)
is now widely used for monitoring of metabolic pathways activated in cancer cells.10–12
As known from the time-resolved studies of fluorescence in cells and living tissues, NADH
shows a multicomponent decay dynamics. In the nanosecond time domain it is most com-
mon to fit NADH fluorescence decay after excitation of the NA chromophore group by
two exponentials with lifetimes of about 2.0 ns and 0.4 ns that are usually attributed to
the enzyme-bound and free forms, respectively.13,14 In aqueous solution free NADH is also
known to exhibit biexponential fluorescence decay with the lifetimes of about 0.3 ns and
0.7 ns.15–17 In other solvents the lifetimes and corresponding weighting coefficients depend
strongly on temperature and solvent type.15,16,18,19 Despite numerous studies carried out and
various models suggested the origin of the two fluorescence decay times still remains con-
troversial. In particular it is unclear if the two fluorescence lifetimes either correspond to
different geometric conformations of the whole molecule, or they are intrinsic features of the
NA ring.
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Although the results of NMR experiments20,21 and theoretical studies from ab initio
point of view22,23 unambiguously suggest the existence of numerous possible conformations
in NADH, several authors attributed all possible conformations into two main groups: folded,
where the NA and AD rings are stacked, and unfolded (more extended) form where the rings
are well separated from each other.15–19,24 An important role of the NADH conformations in
the excited state dynamics was manifested by investigations of direct intramolecular energy
transfer between the AD and NA moieties under excitation within UV absorption band
at 260 nm.17,24–26 They showed that the efficiency of the energy transfer is high in aqueous
solution but decreases rapidly in methanol-water solutions due to denaturation effect. Heiner
et al.26 have recently applied ultrafast transient absorption measurements in NADH and
reported a very rapid energy transfer rate of 70 fs that they explained by a Forster-type
mechanism. The experimental transient signals contained also a 1.7 ps decay associated
with vibrational and electronic relaxation and a 650 ps decay that was in a good agreement
with the known value of long fluorescence decay time in NADH.26 The study of picosecond
vibrational dynamics in NADH first excited state under excitation at 360 nm in water-
ethanol solutions has recently been reported in our recent publications27,28 using a novel
polarization-modulation pump-probe transient spectroscopy. Very recently the analysis of
spontaneous emission signals from NADH in the sub-picosecond and picoseconds time-scales
obtained by means of up-conversion detection scheme was reported by Cao et al.29,30 and
Cadena-Caicedo et al.24 These studies clarified further details of the energy transfer process.
Explaining the nature of two fluorescence decay times Visser et al.15 suggested that in the
folded molecular conformation the NA and AD rings form an exciplex with a lifetime of about
two times longer than that of the unfolded conformation. Gafni and Brand31 and Ladokhin
et al.18 considered the existence of a reversible chemical reaction in NADH excited state
resulting in a biexponential fluorescence decay kinetics. However, the models suggesting a
strong relationship between two decay times observed and the folded and unfolded molecular
conformations failed to explain important experimental observations. These are: relatively
4
stable values of the preexponential factors in NADH in solutions of different polarity and
existence of two decay times in mononucleotides NMNH (β-NA mononucleotide) and MNH
(1-methylNA) that lack the AD moiety.32–34
Krishnamoorthy et al.32 and Kierdaszuk et al.33 suggested that the heterogeneity in
the measured lifetimes arises from the inherent photoprocess of the dihydronicotinamide
chromophore and is not due to intramolecular interactions between the NA and AD parts
of NADH. This approach has recently been specificated by Blacker et al.19,34 who suggested
that the two fluorescent states correspond to alternate cis and trans configurations of the
NA ring. Blacker et al.19 argued that the two fluorescence lifetimes observed in NADH
depend mostly on non-radiative decay which can be treated as conformational relaxation
by activated barrier crossing and described by the Kramers’ hydrodynamic theory and that
the heterogeneity in the non-radiative decay is due to small scale motions such as ring
puckering.35,36
This paper aims to address further important questions on the NADH excited state
dynamics under excitation of the dihydronicotinamide moiety within the first absorption
band that despite of many studies done still remain controversial. These are: the role of
NADH conformations in excited state dynamics, the role of cis and trans configurations of
the NA ring in the heterogeneity in the measured lifetimes, the influence of solution viscosity
and polarity on the measured decay times and rotation diffusion time.
We studied polarized fluorescence in NADH at 460 nm under two-photon femtosecond
excitation at 720 nm in water-methanol solutions as a function of methanol concentration
and determined a number of fluorescence parameters using the global fit procedure developed
in our previous papers. A comprehensive analysis of the experimental errors was made. The
interpretation of the experimental results obtained was supported by ab initio calculations of
the NADH and NMNH structures (see sketches in Fig.1) in various solutions. The conclusions
made were compared with the results reported by other authors.
In brief, the results obtained and conclusions made are as follows. The consideration of
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 Figure 1: Schematic of NADH and NMNH
only folded and unfolded conformation groups is insufficient for understanding the excited
state dynamics in NADH because interaction between the NA and phosphate moieties are
sometimes more important than the interaction between the NA and AD ones (see Fig.1A).
The experimental data can be fitted satisfactory by two exponents with the isotropic decay
times τ1 and τ2 and a single exponents with the rotation diffusion time τr: the inclusion of
additional exponential decays does not improve the fit quality within given experimental er-
rors. The heterogeneity in the measured decay times in NADH and NMNH can be explained
by the existence of different charge distributions of the cis and trans configurations in the
nicotinamide ring that results in different electrostatic field distributions and different non-
radiative decay rates. The analysis of the rotational diffusion time τr recorded as a function
of methanol concentration on the basis of the Stokes-Einstein-Debye equation allowed for
determination of relative concentrations of the folded and unfolded NADH conformations.
The recording and analysis of the fluorescence anisotropy parameters and parameter Ω al-
lowed for determination of the two-photon excitation tensor components and suggested the
existence of two excitation channels with comparable intensities: the longitudinal excita-
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tion channel dominated by the two-photon diagonal tensor component Szz and the mixed
excitation channel dominated by the off-diagonal tensor components |S2xz + S2yz|1/2.
The organization of the paper is as follows. Section I contains the description of the
experimental method used. Section II presents the experimental signals and their analysis.
The experimental results obtained and comparison with the results of other authors are given
in Section III. The description of the ab initio calculations performed are given in Section
IV. The discussion of the obtained results and the models developed are given in Section V.
The Conclusion summarises the main results obtained. The details of the derivations and
the results of ab initio calculations are given in Supporting Information (SI ).
I. Experimental method
Detection of polarized fluorescence
A standard experimental procedure of detection of two-photon excited polarized fluores-
cence37 was used in experiments. Particular details of the experimental setup used were de-
scribed in our previous publications.38–40 Briefly, two-photon excitation of NADH-containing
solutions was performed by a pulsed laser beam propagated along X axis. The laser beam
polarization was either linearly polarized along the vertical, or horizontal axes, or was left
handed circularly polarized. Polarized fluorescence was collected along Z axis at the right
angle to the laser beam propagation. Two orthogonally polarized X and Y fluorescence
components were separated by a Glan prism and then independently detected by two fast
photodetectors operated in a photon counting mode. The recorded signals were analyzed by
a time correlated single photon counting (TCSPC) system.
The experimental time-resolved fluorescence polarization components were processed us-
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ing the expressions:38
Iy(t) = G
∫ t
−∞
IRF (t′)Il(t− t′) [1 + 2rl(t− t′)] dt′, (1)
Ix(t) =
∫ t
−∞
IRF (t′)Il(t− t′) [1− rl(t− t′)] dt′, (2)
where Il(t− t′) and rl(t− t′) are isotropic intensity and anisotropy, respectively, IRF (t′) is
an instrumental response function, and G is a ratio of sensitivity of X and Y fluorescence
detection channels.
The subscript index l in eqs.(1) and (2) refers to two possible linear polarizations of the
laser beam along Y and Z axes. In the case of circular beam polarization the subscript index
l should be replaced by index c and subscript indices x and y in eqs.(1) and (2) should be
exchanged.
Based on the results of previous experiments (see e.g.15–17,19,34) a double exponent ex-
pression was used in eqs.(1) and (2) for the isotropic part of the fluorescence intensity in
NADH:
Il(t− t′) = Il
(
a1exp
(
−t− t
′
τ1
)
+ a2exp
(
−t− t
′
τ2
))
(3)
where τ1 and τ2 are fluorescence decay times, a1 and a2 are corresponding weighting co-
efficients (a1 + a2 = 1), and Il is the time-independent maximum value of the isotropic
fluorescence intensity.
The anisotropy rl(t − t′) in eqs.(1) and (2) was shousen in a simplest single-exponent
form
rl(t− t′) = rl exp
(
−t− t
′
τr
)
, (4)
where τr is the rotation diffusion time.
For circularly polarized excitation light the subscript index l in eqs.(3) and (4) should
be replaced by the index c. As shown below, a single-exponential expression in eq.(4) was
sufficient for obtaining the fit quality consistent with the experimental errors available. The
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fluorescence parameters Il, Ic, rl, rc, τ1, τ2, a1, a2, and τr were fitted from experimental data
using eqs.(1) and (2).
Materials
Reduced β-NADH (SigmaAldrich) was used in experiments. Distilled water and methanol
of 96% purity were used for preparing solutions at volume proportions ranging from pure
water to 100% methanol. The NADH concentration in all cases was the same and equal to
1 mM. All solutions were prepared fresh daily and used at the temperature of 20◦C.
Experimental procedure
A femtosecond Ti:Sa oscillator (Mai Tai HP, Spectra Physics) tunable in the spectral range
of 6901040 nm with a pulse duration of 100 fs and a repetition rate of 80.4 MHz was used as
an excitation source. About 2% of the laser output at 720 nm was split out and sent to the
synchronization channel consisted of an attenuator, a lens, and a fast silicon photodiode for
synchronization of the fluorescence signals in the TCSPC module. The output laser beam
was attenuated and then expanded by a telescope to the diameter of 4 mm. The laser beam
polarization was controlled by a half-, or quarterwave plates. The linear polarization degree
of the laser beam was better than 0.995, and the circular polarization degree was better than
0.95. The polarized laser beam was focused onto the center of a quartz cuvette containing
NADH in water-methanol solution. Average power of the laser beam on the cuvette was
kept at the level of about 100 mW.
The fluorescence was collected in the direction perpendicular to the laser beam propaga-
tion and formed by a lens into a quasi-parallel beam that was split by a Glan prism into two
beams with orthogonal polarizations parallel to X and Y axes. Two orthogonal polarization
components were detected by ultrafast avalanche photodiodes (ADP-050-CTC, MPD) with a
HWHM of instrumental response function of about 56 ps. The IRF contour was determined
experimentally by recording laser pulses scattered from a fiber sample. As found the IRF
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shape in the conditions of our experiments had a strong spectral dependence, therefore the
spectral range of the detected NADH fluorescence was restricted by a narrow-band inter-
ference filter with the bandwidth of 460-490 nm installed after the cuvette in front of the
Glan prizm. The fluorescence signals were analyzed by a TCSPS module (Picoharp 300, Pi-
coquant). The fluorescence photons were counted for 350 s for each laser beam polarization
with a time bin of 4 ps.
II. Experimental signals and data analysis
Experimental signals
According to the results of our recent research40 the fluorescence parameter values were
independent of the excitation wavelength in the range 720 - 780 nm within the experimental
error bars. Therefore, in this study the excitation wavelength was fixed at 720 nm. Typical
fluorescence experimental signals in NADH under two-photon excitation in aqueous solutions
for several combinations of polarization of the pump and fluorescence beams are shown in
Fig.2.
The abbreviation I in Fig.2 with subscripts is the fluorescence intensity, where capital
case subscript indices Y Y and LL label the polarization of pumping photons: Y and L
denote linear polarization along axis Y and left handed circular polarization, respectively.
The lower case subscripts x and y label the fluorescence beam polarizations. The initial laser
beam intensity was the same for all four data sets in Fig.2, therefore different amplitudes
and shapes of the four decay curves indicate the dependence of the two-photon excitation
probability and fluorescence decay dynamics on the pump and fluorescence polarization
indices.
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Figure 2: Fluorescence decay signals in NADH in aqueous solution under two-photon exci-
tation at 720 nm.
Four different data sets relate to different combinations of the laser and fluorescence po-
larizations, see text for details. Symbols represent experimental data and solid curves are
fits.
Experimental data fitting and estimation of experimental errors
Processing of experimental signals and determination of the fluorescence parameters based
on eqs.(1) and (2) was carried out by a global fit procedure using a least square differential
evolution fitting algorithm with convolution. Experimental data related to x and y fluores-
cence decay polarization components similar to that shown in Fig.2 were fitted using eqs.(1)
and (2) separately for linearly and circularly polarized excitation light aimed to determine
the global fluorescence parameters Il, rl, τ1, τ2, a1, a2, τr and Ic, rc, τ1, τ2, a1, a2, τr, re-
spectively. As a result of these fits the parameters in each set responsible for fluorescence
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dynamics at the time t > 0: τ1, τ2, a1, a2, and τr always had close values within experimental
error bars. These parameters were assumed to be the same in both sets and their values
were averaged to obtain final values.
Different sources of experimental data errors were carefully analyzed. According to the
analysis made, a statistical method of error estimation dealing with the standard deviation
by optimization of the cost function near the global minimum in the case of fitting with
exponential functions usually resulted in significant underestimation of actual errors because
the statistical errors obtained were typically much smaller than systematic experimental
errors.
Although the fit quality obtained when processing the experimental data often looked
perfect with the naked eye, the values of the fluorescence parameters fluctuated from one
experiment to another much more than was given by the statistical analysis of each data set.
To take proper account for systematic experimental errors the experiments were repeated
several times at the same conditions to obtain several experimental data sets (usually six x
and y pairs of fluorescence decay data), and the fluorescence parameters were calculated by
fit for each set separately. Then the parameter mean values and standard deviations were
calculated by averaging of all sets values with 95 % confidence using Student’s t-value. The
error bars determined in this way are used throughout this paper.
The role of the IRF(t) shape shown in Fig.2 on the determined fluorescence parameter
values was carefully analyzed and found to be very important in the conditions of our experi-
ment especially for determination of the rotational diffusion time τr and weighting coefficients
a1 and a2. Even small perturbations at the rising edge and the tail of IRF led to notice-
able changes in the calculated values of the fluorescence parameters. Several IRF functions
were used for experimental data analysis: experimentally determined IRF in a numerical
form, smoothed experimental IRF, and analytical IRF form obtained by approximation of
the experimental IRF with two Gaussian functions. The best results were obtained by using
the experimental IRF smoothed without deformations of the rising edge and the tail. This
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IRF was used for analysis of the experimental data. The details of the fitting protocol and
analysis of statistical and experimental errors are given in SI.
Experimental data analysis
The analysis of the obtained fluorescence parameters was based on the general expression
for fluorescence intensity I(t) after two-photon excitation derived in our previous publica-
tions41,42 and given in eq.(17) in SI.
The expression for the fluorescence intensity in eq.(17) was similar to that given earlier
by McClain43 and Wan and Johnson44 however it was presented in a somehow more compact
spherical tensor form allowing for complete separation of the light polarization part controlled
by experimentalist from the molecular dynamics part described by the molecular parameters
MKe(R,R
′, t) (M -parameters).
The M -parameters are real values that can be extracted from experiment and contain
all information on the symmetry and structure of the molecular electronic transitions. The
set of M -parameters at the time of excitation t = 0 is equivalent to the set of McClain’s
Cartesian parameters Qˆi. The relationship between the two sets of parameters is tabulated
in ref.41 In the conditions of the collision-induced rotational diffusion the M -parameters can
be expressed as:41
MKe(R,R
′, t) = −
√
3
∑
qe,q′e
(
[F∗1 ⊗ F′1]Keqe DKeqe,q′e(t) [S
∗
R′ ⊗ SR]∗Keq′e
)
, (5)
where the symbol ⊗ denotes tensor product45 and DKeqe,q′e(t), where Ke = 0, 2, is a rotational
diffusion tensor matrix element given in eq.(19) in SI. If Ke = 0 this matrix element is equal
to unity and if Ke = 2 in the condition of our experiment it is proportional to:
D2qe,q′e(t) ∼ δqe,0δq′e,0e−t/τr , (6)
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where τr is the rotational diffusion time.
The spherical components of the two-photon excitation tensor SRγ in eq. (5) with a rank
R and its component γ are given by:41
SRγ = 2
∑
q1,q2,ni
CRγ1q1 1q2
〈ne|dˆq2|ni〉〈ni|dˆq1 |ng〉
Ei − Eg − hν , (7)
where R = 0, 2, γ = −R · · ·R, ν is a laser photon frequency, the terms in the angular brack-
ets are dipole transition matrix elements, and summation is performed over the molecular
frame spherical projections q1, q2 = −1, 0, 1 and over the quantum numbers of all virtual
intermediate states ni.
The terms Ei and Eg in eq.(7) are the electronic energies of the intermediate and ground
states, respectively. The body-frame spherical components of the one-photon emission dipole
moment F1 in Eq. (5) are given by:
F1qfl = 〈nf |dˆqfl|n˜e〉, (8)
where qfl = 0,±1 are spherical vector projections, |n˜e〉 is the relaxed excited electronic state,
and |nf〉 is the final (ground) electronic state.
In the case of a one-color two-photon population of a nondegenerate excited electron state
that is relevant to our experimental conditions, the rank Ke in Eq. (5) is limited to Ke = 0, 2
and the total number of the M -parameters is four.46 There are two zeroth rank (Ke = 0) M -
parameters: M0(0, 0) and M0(2, 2) that can have only non-negative values and contribute to
the isotropic part of the fluorescence intensity and two second rank M-parameters (Ke = 2):
M2(0, 2, t), and M2(2, 2, t) that govern the anisotropic, polarization-dependent part of the
fluorescence intensity. The evolution of the M -parameters with Ke = 2 in time due to the
rotational diffusion is expressed in Eq. (6) while the zeroth-rank parameters do not depend
on time.
All four parameters can be directly determined from experiment (see e.g.42) by combining
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different laser and fluorescence polarizations. The M -parameters can be readily expressed
in terms of the anisotropy in eq.(4) and the parameter Ω37 as follows:
rl(t) =
2√
35
√
7M2(0, 2, t) +M2(2, 2, t)√
5M0(0, 0) + 2M0(2, 2)
, (9)
rc(t) = − 1√
35
M2(2, 2, t)
M0(2, 2)
, (10)
Ω =
ILL
IY Y
=
3M0(2, 2)√
5M0(0, 0) + 2M0(2, 2)
. (11)
The M-parameters are very important because according to eqs. (5), (7), and (8) they
contain all information on the dynamics of the two-photon excitation in terms of the quantum
mechanical transition amplitudes and phases. The M-parameters are more general than
the components of the two-photon absorption tensor S in eq. (7) because they are scalar
quantities that do not depend on the particular excitation model and on the choice of the
coordinate frame. The SRγ values in eq. (7) can be determined from experiment under certain
assumptions, in particular one should know the direction of the fluorescence transition dipole
moment F1 in the relaxed exited state.
III. Experimental Results
The fluorescence decay parameters determined from experiment as a function of methanol
concentration are presented in Figs. 3 - 7.
The fluorescence decay times τ1 and τ2 are shown in Fig.3. As can be seen in Fig.3 both
fluorescence decay times increase slightly with methanol concentration at the concentrations
below 40% and remain practically the same within experimental error bars at higher con-
centrations. In pure aqueous solution the fluorescence decay time τ1 and τ2 values in Fig.3
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are in agreement with those reported earlier in NADH under one-16,18 and two-photon34,47
excitation within experimental error bars. Also, both decay times in Fig.3 agree roughly
with those reported for NADH in pure methanol,18,32 where however a three-exponential
model was used.
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Figure 3: Decay times τ1 and τ2 in NADH as function of methanol concentration.
The preexponential coefficient a2 = 1 − a1 (see eq.(3)) is presented in Fig.4. As can be
seen in this figure at methanol concentrations below 70% the coefficient is almost constant
and equal to a2 = 0.24 within the experimental error bars, however at higher concentrations
it rises up to 0.4. Note that the coefficient a2 refers to the longer decay time in Fig. 3.
At zero and 50% methanol concentrations the coefficient a2 values in Fig. 4 are in
agreement with those reported by Blacker et al.,34 with our recent results,40,47 and with
the earlier results of Krishnamoorthy et al.32 within experimental error bars. In NADH
in pure methanol the a2 value in Fig. 4 is in general agreement with the result reported
by Krishnamoorthy et al.32 who however used a three-exponential decay fit with a minor
(a3 = 0.15) contribution from the third exponent with τ3 = 2.0 ns. Ladokhin et al.
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used two, three, and four-exponential decay fits and also reported for NADH diluted in
pure methanol the increase of a relative contribution from the longer τ2 time. However,
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Figure 4: Preexponential coefficient a2 in NADH (see eq.(3)) as a function of methanol
concentration.
quantitatively the results of Ladokhin et al.18 differ both from the results shown in Fig. 4
and from those reported by Krishnamoorthy et al.32 We do not know the exact reason for
this discrepancy, however according to our analysis the coefficients a1 and a2 are the most
variable among all fluorescence parameters as they can noticeably change their values even
at small variations of the experimental conditions and fitting procedure details.
The rotational diffusion time τr is presented in Fig. 5. The water-methanol solution
viscosity48 is also shown in this figure by a red solid curve. One can see that the viscosity
in Fig. 5 is represented with a non-linear curve with a maximum at about 40% of methanol.
As can be seen in Fig. 5, at methanol concentrations from zero to 40% the rotational
diffusion time τr raises proportionally to the solution viscosity, has a maximum at about
60% of methanol and then decreases. However at methanol concentrations over 40% the
direct proportionality between the τr and the viscosity is violated.
As shown in Fig. 5 in aqueous solution τr = 180± 30 ps that agrees well with our recent
result47 and with the result reported earlier by Couprie et al.16 However this value about
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Figure 5: Rotational diffusion time τr in NADH as function of methanol concentration.
Red solid curve represents solution viscosity.48
1.6 times smaller than the values reported recently by Blacker et al.34 at several excitation
wavelengths. We believe that this discrepancy could arise because Blacker et al.34 probably
did not take into account IRF in their fitting procedure.
The initial anisotropies rl and rc are presented in Fig. 6 as function of methanol concen-
tration. As can be seen in Fig. 6 both anisotropies practically did not depend on methanol
concentration. The anisotropy values are in perfect agreement with previously reported
results.34,47
The fluorescence parameters determined: a2, τ1, τ2, rl, rc, τr, and Ω are collected in Table
1. The numbers in parentheses in Table 1 are experimental errors.
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Figure 6: Anisotropies rl = rY Y and rc = rLL under two-photon excitation in NADH as
function of methanol concentration.
The two-photon excitation parameter Ω = ILL/IY Y
37 in NADH is presented in Fig. 7.
As can be seen the parameter practically does not depend on methanol concentration.
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Table 1: Experimentally determined fluorescence parameters: NADH in water-methanol
solutions.
MeOH a2 = (1− a1) τ1, ps τ2, ps rl rc τr, ps Ω
0 % 0.24 (0.05) 260 (30) 610 (30) 0.47 (0.02) -0.22 (0.02) 180 (30) 0.77 (0.04)
19 % 0.24 (0.05) 280 (30) 680 (30) 0.47 (0.02) -0.25 (0.02) 240 (30) 0.80 (0.04)
26 % 0.22 (0.05) 290 (30) 690 (30) 0.46 (0.02) -0.23 (0.02) 260 (30) 0.78 (0.04)
33 % 0.22 (0.05) 280 (30) 700 (30) 0.47 (0.02) -0.23 (0.02) 270 (30) 0.79 (0.04)
39 % 0.24 (0.05) 300 (30) 700 (30) 0.47 (0.02) -0.23 (0.02) 280 (30) 0.79 (0.04)
41 % 0.24 (0.05) 300 (30) 710 (30) 0.47 (0.01) -0.23 (0.01) 290 (30) 0.82 (0.04)
50 % 0.25 (0.05) 310 (30) 720 (30) 0.47 (0.02) -0.24 (0.02) 300 (30) 0.81 (0.04)
56 % 0.26 (0.05) 310 (30) 720 (30) 0.47 (0.02) -0.23 (0.02) 320 (30) 0.79 (0.04)
67 % 0.26 (0.05) 320 (30) 750 (30) 0.47 (0.01) -0.22 (0.01) 310 (30) 0.80 (0.04)
78 % 0.32 (0.05) 310 (30) 730 (30) 0.47 (0.02) -0.23 (0.02) 300 (20) 0.82 (0.04)
86 % 0.36 (0.05) 300 (30) 720 (30) 0.46 (0.01) -0.22 (0.01) 270 (30) 0.82 (0.04)
94 % 0.37 (0.05) 290 (30) 730 (30) 0.46 (0.02) -0.22 (0.02) 240 (20) 0.81 (0.04)
96 % 0.39 (0.05) 310 (30) 740 (30) 0.45 (0.02) -0.22 (0.02) 217 (30) 0.82 (0.04)
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Figure 7: Parameter Ω in NADH as function of methanol concentration.
IV. Theoretical studies
Ab initio calculations of several conformers of NADH and of NMNH in vacuum, and in water
and methanol solutions in the ground and excited states have been carried out to extract
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information on molecular equilibrium geometries, electronic energy levels, vertical excitation
energies, oscillator strengths, and dispersion energies.
Earlier, ab initio calculations of NADH conformers have been reported by Wu et al.49
at the MP2/6-31G*//6-31G* level and by Kumar et al.50 at the B3LYP/6-311++G** level.
To the best of our knowledge, no calculations of NADH dissolved in water and methanol
have been carried out till now.
In this paper electronic structure computations of twenty four NADH conformers, in-
cluding cis and trans modifications dissolved in water and methanol have been performed
ab initio by means of the polarizable continuum model (PCM) at the B3LYP-D3BJ/6-31G*
level with the GAUSSIAN package.51 The functionals were extended with the D3 version of
Grimme’s dispersion correction.52 One of the conformers (N8, see below) has been calculated
at the B3LYP-D3BJ/6-31+G* level + (PCM) for comparing parameters.
A schematic of NADH is shown in Fig.8 where a number of distances and angles between
most important atoms and molecular groups are indicated.
 
Figure 8: Schematic of NADH with important interatomic distances and torsion angles
indicated.
Optimized stable ground state geometries in terms of the interatomic distances and tor-
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sion angles shown in Fig.8 in water and methanol are presented in SI in Tables 5 and 6,
respectively. The optimized geometries of the first excited state in aqueous solution are
presented in SI in Tab. 7.
Vertical excitation energies of four lowest electron excited states, corresponding one-
photon oscillator strengths, and ground state dispersion energies (ED) for cis and trans
forms of twelve NADH conformations in water and methanol solutions are presented in SI
in Tables 8 and 9, respectively. According to the vertical excitation energy values in Tables 8
and 9 only the first excited state could be two-photon excited in NADH at 720 nm in the
conditions of our experiments. Data on the higher excited states are also presented in both
tables and can be used for analysis of interactions between excited molecular moieties.
As can be seen in Tables 8 and 9 in SI vertical excitation energies and oscillator strengths
to the first excited state shown in the first columns in the tables vary somewhat from one
NADH conformation to another. However they do not show a distinct correlation with the
values of geometrical molecular characteristics in Tables 5 and 6. On the other hand the
dispersion energy in the last columns in Tables 8 and 9 changes dramatically with respect to
the interatomic distances RC6A−C2N , RNn−Op and the torsion angle χO5B−O5D in Fig.8 that
characterizes NA – AD and NA – Pyrophosphate (PP) interactions. ED as function of the
distance RC6A−C2N between AD and NA rings is shown in Fig. 9 separately for cis and trans
conformations of NADH in water and methanol. The computed values of ED are shown in
Fig. 9 with black squares that are connected with blue lines for the sake of clarity.
At short and medium distances at RC6A−C2N < 8 A˚ the conformations can be attributed
to the folded group where interaction between AD and NA dominates. This effect is known
to be due to pi-stacking interaction.26 At long NA–AD distances when RC6A−C2N ≥ 8 A˚ the
conformers can be attributed to the unfolded group where the interaction between AD and
NA moieties is small, or negligible.
As can be seen in Fig. 9 the energy ED decreases in general with increasing of the dis-
tance between AD and NA rings. However as can be seen in Fig. 9 the dispersion energy ED
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 Figure 9: Dispersion energy in NADH cis and trans conformations dissolved in water and
methanol as function of the distance RC6A−C2N in Fig.8
contains a pronounced non-monotonic region at the distances RC6A−C2N shorter than about
7 A˚. According to the data presented in Tables 5 and 6 in SI, this non-monotonic behavior
correlates with sharp changes of the interatomic distance RC1B−C1D and the torsion angle
χO5B−O5D shown in Fig.8. The nonmonotonic behavior can be attributed to the interaction
between NA and Pyrophosphate (PP) moieties. This conclusion suggests that the widely
used consideration of only folded and unfolded conformation groups is insufficient for under-
standing the excited state dynamics in NADH because interaction between the NA and PP
moieties is sometimes also very important. An important role of NA – PP interactions in
NADH was discussed recently by Smith and Tanner.53
The direction of the transition dipole moment (TDM) with respect to the NA plane is an
important characteristic for excited state symmetry analysis and for verifying the validity
of the models developed. TDM components under excitation of several NADH conformers
from their ground state to the first excited state was computed in aqueous and methanol
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solutions. The results are presented in SI in Tables 10 – 12.
V. Discussion
Excited state lifetime heterogeneity in NADH
As was already mentioned in the Introduction, several authors15,16,18,31 suggested a model
implying a strong relationship between two decay times observed in NADH (see Fig. 3) and
the relative concentration of the folded and unfolded conformations. However this model
failed to explain relatively stable values of the preexponential factors in NADH in solutions
and existence of two decay times in mononucleotides NMNH (β-NA mononucleotide) and
MNH (1-methylNA) that lack the AD moiety.32–34
Our experimental data shown in Figs. 4 and 12 also do not support this model. As shown
in Fig. 4 the preexponential factor a2 that refers to the longer lifetime in Table 1 is practically
constant and equal to a2 = 0.24 at methanol concentrations below 70% and rises up to 0.4
at higher concentrations. At the same time the relative ratio of the folded conformation Nfol
is known to decrease dramatically with methanol concentration and approaches zero value
at about 70-80% MeOH17,20,21,26 (see also Fig.12 below).
These results supported the explanation19,32–34 of the lifetimes heterogeneity by inherent
photoprocesses occurring in the NA chromophore of NADH. We in general agree with the
recent suggestion by Blacker et al.19,34 who drew attention on the profound role of cis and
trans configurations of the NA ring for explanation of the lifetime heterogeneity. However
as shown below the nature of the particular lifetime values is still controversial and remains
a subject of discussions. As reported by Scott et al.54 the fluorescence quantum yield of
NADH in water is 0.019 which means that the measured fluorescence decay times reflex
mostly the non-radiative decay of NADH excited states. Particular routes of this decay
in NADH are still unknown. These can be either interactions of excited NADH molecules
with surrounding solvent molecules, or intramolecular processes like internal conversion via
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conical intersections to the ground electronic state, or intersystem crossing to the triplet
manifold.37
The dependence of the decay times on methanol concentration shown in Fig.3 and on
water-methanol solution viscosity in Fig.5 do not support the hydrodynamic origin of the
non-radiative relaxation decay mechanism suggested by Blacker et al.19,34 According to the
hydrodynamics theory the decay time must be proportional to the solution viscosity: τ =
k−1nr ∼ η, where knr is a non-radiative decay rate.19 However the decay times τ1 and τ2 in Fig.3
do not follow the change of the solution viscosity as a function of methanol concentration
shown in Fig.5.
We believe that the heterogeneity in the measured decay times is due to different charge
distributions in the cis and trans configurations of the NA ring that results in different
electrostatic field distributions in these two configurations. The influence of external electric
field on the fluorescence decay time was recently investigated by Nakabayashi et al.55 who
demonstrated that application of an external electric field increases the probability of non-
radiative decay in the NADH excited state and therefore shortens the measured fluorescence
decay time. The increase of non-radiative decay rate was attributed to the pipi∗ character
of the electronic transition of the nicotinamide moiety.55 Moreover, Nakabayashi et al.55
studied the fluorescence mean decay time in NADH as a function of the solution polarity
and reported its significant shortening upon the increase of polarity.
The schematics of the cis and trans nuclear configurations of the NA ring of NADH con-
formation N11 (see Tables 5 and 7 in SI ) in aqueous solution are shown in Fig.10. Earlier
Wu et al.49 reported the results of ab initio calculations of the ground state NADH in vac-
uum and concluded that the cis configuration is more planar and stabilized by electrostatic
interaction between the negatively charged amide oxygen atom and the positively charged
carbonyl atom C2, while the trans configuration is somewhat non-planar and adopts a boat
conformation due to the hydrogen bonding between the same oxygen atom and one of the
two out-of-plane hydrogen atoms. These geometry changes characterise the ring puckering
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 Figure 10: Schematic of the NA ring of NADH conformation N11 in water.
A and B are cis and trans conformations, respectively, in the ground electronic state.
C and D are cis and trans conformations, respectively, in the relaxed first excited electronic
state.
The coordinate frame in the figure bottom refers to the TDM components shown in Table 10
in SI.
effect.35,49
The results of our calculations of the geometry and charge distributions in the NADH
ground and first excited states in aqueous solution presented in Fig.10 and in Tables 5 and 7
in SI are in general agreement with the conclusions made by Wu et al 49 however contain new
important information. Bonding and dihedral angle values that describe the deformations
of the NA moiety in the conformation 11 of NADH in the ground and first excited states in
aqueous solution are collected in Tables 13 and 14 in SI.
In brief, the conclusions on the nuclear geometry and the ring puckering in NA moiety
in NADH are as follows:
1. According to ab initio calculations the NA moiety is never planar, the amide group
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in both cis and trans configurations is out of NA plane. As can be seen in Table 5 in SI in
the trans configuration the effect is much more pronounced, and the torsion angle ϕC2N−Nn
in some conformations exceeds 30◦. However, in the first approximation the NA moiety can
be treated as planar (see the last subsection of this section), because the deviations from
planarity are in general not large.
2. The slope of the C3–C7 bond that is characterized by bonding angles in Table 13
in SI differs in the cis and trans configurations by several degrees due to the attraction of
the negatively charged amide oxygen atom to the carbonyl atom C2 and an out-of-plane
hydrogen atom, respectively.
3. The NA ring deformation (puckering) that is characterized by dihedral angles in Table
14 in SI differs from zero in both cis and trans configurations. The puckering is noticeably
more pronounced in the excited state trans configurations.
According to the results of our calculations shown in Tables 8 and 9 in SI vertical
excitation energies from the ground to the first excited state do not differ significantly from
each other for the cis and trans configurations in various NADH conformations (except in
only a few of them). At the same time, as can be seen in Fig.10 and confirmed by the torsion
angle ϕC2N−Nn values in Table 5 in SI the charge distributions of cis and trans configurations
differ from each other significantly. These charge distributions result in different electric field
configurations for cis and trans forms that likely leads to the decay time heterogeneity in
NADH observed in experiment.
The angle γ between the direction of fluorescence TDM in cis and trans configurations
of the conformation 11 and the NA ring plane is shown in fifth column in Table 12 in SI. As
can be seen in Table 12 the fluorescence TDM is not parallel to the NA plane. Difference
between the angles γ related to the cis and trans configurations exceeds 10◦ indicating
different fluorescence conditions in cis and trans configurations and supporting the above
suggestion.
The internal relaxation mechanism mentioned above that describes the decay time het-
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erogeneity in NADH is assumed to be the major one as it explains the relative stability of
the observed fluorescence lifetimes in different conformers and in various solutions. At the
same time a slight but noticeable rise of the decay times τ1 and τ2 in Fig.3 with the increase
of methanol concentration can be treated as a minor effect of the slowing of non-radiative
relaxation due to solution polarity decrease.
The preexponential coefficients a2 and a1 = 1 − a2 in eq.(3) describe the relative popu-
lation of the the cis and trans potential energy wells. These populations reflect the balance
between the incoming and outgoing population fluxes in each well. The rotational barrier for
cis to trans interconversion was calculated by Wu et al.49 and found to be about 7 kcal/mol
that is an order of magnitude higher than vibrational energy at room temperature. Our
calculations of NMNH given in the next section also result in comparable rotational barrier
heights. The outgoing fluxes is known from experiment being coincide with the decay time
values, while sophisticated molecular dynamics calculations are needed for determination of
the incoming fluxes.
For qualitative analysis we used a model developed in our recent publication.28 According
to this model the initial excitation laser pulse promotes the molecule from the ground state
to the highly excited vibration energy levels of the electronic excited state. The energy of
these vibrational states is higher than the rotational barrier separating the cis and trans
potential energy wells. The following vibrational relaxation occurring in the picosecond
time domain leads to the population of the potential wells depending on the details of the
molecular structure and of interactions with solvent molecules. As can be seen in Fig.4 at
the methanol concentrations lower than 60% the coefficient a2 was a constant, a2 ≈ 0.25
within the experimental error bars, and at higher methanol concentrations it grew up to
a2 ≈ 0.4.
However, the quantitative interpretation of the preexponential coefficient dependence in
Fig. 4 is still a challenging task as it needs several hard and still unresolved problems to
be addressed. These are: (i) determination of the ground state population distribution of
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NADH conformations including their cis and trans configurations in various solutions, (ii)
determination of the two-photon excitation probabilities for each of these conformations
from the ground electronic state to the high-laying vibrational states of the first electronic
excited state, and (iii) population of the excited state cis and trans potential wells during
picosecond vibrational relaxation.
Lifetime heterogeneity in NMNH
For clarifying the role of the amide group rotation by the dihedral angle ϕ in NADH in
Fig.1A the theoretical study of a more simple NA-containing molecule NMNH has been
performed. Full geometry optimization of a number of NMNH conformers in vacuum in
the ground and first excited states has been carried out at the B3LYP-D3BJ/6-31G* level.
The schematic of NMNH is presented in Fig.1B. An important feature of NMNH is that it
lacks the AD moiety, however several authors reported the observation of two, or even three
fluorescence lifetimes in NMNH in solutions.32 Potential energy surfaces (PES) of several
NMNH conformations were computed for better understanding of the nature of this effect.
The relaxed PES scans of the amide group torsion angle φ = ϕ+pi in the NMNH ground
electronic state in vacuum are shown in Fig.11.
Due to strong hydrogen bonding between the amide oxygen atom and the nearest hy-
drogen atom from the phosphate group the amide group rotation by the angle ϕ in Fig.1B
is significantly restricted and results in simultaneous change of equilibrium positions of all
other nuclei. Therefore the cis and trans configurations in NADH cannot be treated in-
dependently being closely interrelated with other molecular conformations. Moreover, the
calculated rotational potential curves depend on the initial value of the torsion angle ϕ and
have strong interaction between each other at certain angles ϕ. This feature results in a
large number of rotational energy curves having one, or several local minima each. Only
two of these potential curves are shown in Fig.11 for simplicity. The red curve in Fig.11 is
a relaxed PES scan of the torsion angle calculated from the potential minima at φ = −4◦
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 Figure 11: Relaxed PES scans of the amide group torsion angle φ in the NMNH ground
electronic state in vacuum.
The angle φ = ϕ+ pi, where ϕ is the dihedral angle C2N–C3N–C7N–Nn in Fig.1B.
Blue and red potential curves represent two selected NMNH conformations from many others
possible.
related to cis molecular geometry. The blue curve in Fig.11 is a relaxed PES scan calculated
from the potential minima at φ = 156◦ related to trans molecular geometry.
As can be seem in Fig.11 cis and trans molecular geometries in NMNH are characterised
by deep minima separated by a relatively high potential barrier. This founding suggests that
the double-minimum potential energy curves in Fig.11 related to cis and trans molecular
geometries are responsible for two fluorescence lifetimes observed in NMNH in water.32
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Rotational diffusion and the determination of relative conformation
concentrations
The rotation diffusion time τr in Fig.5 can be described by the generalized Stokes-Einstein-
Debye expression56,57
τr = fC
ηVM
kT
, (12)
where k and T are the Boltzmann constant and absolute temperature respectively, VM is
a van der Waals solute molecule volume, η is the macroscopic solvent viscosity, parameter
f ≥ 1 is a shape factor introduced to account for the non-spherical shape of solute molecules,
and the term C signifies the extent of coupling between the solute and solvent.
It is known as the boundary condition parameter57 (C = 1 for ”stick”, C = 0 for ”slip”
boundary condition). In general, the factors f and C in eq.(12) are strongly interrelated
in their effect on solvent-solute friction. The shape factor f is usually taken in the form
f = fstick that is a well-specified hydrodynamical frictional coefficient for stick boundary
conditions that depends only on the shape of the rotating molecule and can be calculated
analytically for any symmetric top molecule.56 The boundary condition parameter C depends
on relative size of the solute compared to the solvent and is accounted for various effects
of solvent-solute interaction: hydrodynamic friction, solute molecule shape, complexes for-
mation, and free volume of the solvent.56,57 When the dimensions of a solute molecule are
sufficiently large compare with a solvent molecule the parameter C can be presented as
C = fslip/fstick,
57 where fslip is a hydrodynamical frictional coefficient for slip conditions.
The values of fslip related to the limiting case of pure slip conditions were tabulated for any
prolate and oblate top molecule by Hu and Zwanzig,58 however very important intermediate
cases between the slip and stick boundary conditions can hardly be treated theoretically.
When the dimensions of the solute molecules are much larger than the solvent molecules the
parameter C usually approaches unity that is related to the stick boundary conditions.56,57
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Equation (12) is known to be valid at relatively low solvent viscosities of approximately
η ≤ 0.1 Pa·s. As can be seen in eq.(12) the rotation diffusion time τr is proportional to
the solute van der Waals molecular volume VM . The dry volume of NADH was calculated
using Edwards increment method59 and found to be 0.488 nm3. A complementary hydration
volume Vhyd can be added to this volume for taking account of the hydration effect.
The shape factors fstick were calculated for several NADH conformations in Table 5 in SI
at the stick boundary conditions using eq.(2) in ref.57 They are presented in Table 2. The
calculation was carried out assuming that NADH can be approximated as a prolate ellipsoid
with the ratio of the major and minor axes Rmax/Rmin.
Table 2: Axes ratios and the shape factors fstick for several NADH conformations in Table
5 in SI.
Conf. No Rmax/Rmin fstick
1 1.19 1.06
10 1.68 1.29
11 2.18 1.63
12 2.96 2.30
The conformation No 1 in the first raw in Table 2 is the most compact folded one and
the conformation No 12 in the fourth raw is the most extended unfolded one while the
conformations No 10 and 11 belong to the intermediate group.
In the conditions of our experiments the signals in Fig.2 were satisfactory approximated
by a three-exponential expression in eqs.(1)-(4) containing two isotropic decay times τ1 and
τ2 in eq.(3) and one rotational diffusion time τr in eq.(4). A single-exponential anisotropic
distribution in eq.(4) in fact represented an unresolved multiexponential anisotropic sig-
nal containing contributions from many NADH conformations (see Tables 5 and 6 in SI),
however the relative populations of these conformations are still unknown. Therefore the in-
terpretation of the dependence of the rotational diffusion time τr on methanol concentration
in Fig.5 was done by considering a simplified model presenting τr in the form of a sum of
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contributions from the folded and unfolded conformations (the details are given in SI ):
1
τr
≈ 1− (1−Nfol)χ(η)
τfol
+
Nunχ(η)
τun
, (13)
where τfol and τun are rotational diffusion times that refer to the pure folded and unfolded
boundary conditions, respectively, Nfol = Nfol(η) and Nun = Nun(η) = 1−Nfol are relative
ground state NADH concentrations of folded and unfolded conformations in the solution.
The term χ(η) in eq.(13) is the quantum yield of laser induced fluorescence from the
first excited state of NADH as a function of viscosity η in the water-methanol solution. It is
defined by the expression:
χ(η) =
Ifl(M)
Ifl(η)
, (14)
where Ifl(η) is the fluorescence intensity as function of η and Ifl(M) is the fluorescence
intensity in pure methanol.
As known25,26 χ(η) decreases monotonously from about 1.6 to 1 with increase of methanol
concentration. For analysis, the rotational diffusion times τfol and τun in eq.(13) were calcu-
lated from the Stokes-Einstein-Debye formula in eq. (12), where the shape factors fstick(fol)
and fstick(un) were taken from the first and fourth rows of Table 2, respectively, and the
values Cfol, Cun, Vfol, Vun were used as fitting parameters. The concentration Nfol deter-
mined from eq.(13) using the values of τr and η in Fig.5 and the values of χ(η) from ref.
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several sets of the parameters Cfol, Cun, Vfol, and Vun that are relevant for our experimental
conditions and consistent with the results of previous studies are given in Fig.12.
As can be seen in Fig.12 the relative concentration of the folded conformation Nfol in
NADH in pure water was about 0.4 and then decreased down to zero with increasing methanol
concentration due to denaturation. This conclusion agrees qualitatively with the results of all
other early studies.17,25,26 The distributions of conformations in NADH in water and water-
methanol solutions were earlier studied on the basis of the two-states folded-unfolded model
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Figure 12: Relative folded confirmations Nfol as function of the methanol concentration.
1. Cun = 0.64, Cfol = 0.70, Vun = 0.528 nm
3, Vfol = 0.548 nm
3
2. Cun = 0.75, Cfol = 0.80, Vun = 0.488 nm
3, Vfol = 0.488 nm
3
3. Cun = 0.70, Cfol = 0.85, Vun = 0.488 nm
3, Vfol = 0.488 nm
3
by several groups by means of various experimental methods: NMR,20,21 energy transfer,17,26
and fluorescence lifetime16 measurements. The advantage of the method used in this paper
is that it is based on the study of the anisotropy of excited molecular axes distribution and
refers directly to a solute molecule shape. The method does not need a sophisticated model
for data extraction from experiment as NMR measurements do. Moreover it allows to avoid
a typical problem of optical methods dealing with a necessity to account for non-radiative
transitions.
Nfol value in pure water at 20
◦ shown in Fig.12 was found to be about 0.4 ± 0.1 at all
values of the fitting parameters used. This value agrees within experimental error bars with
the results reported by Oppenheimer et al.,20 (0.36) and by Heiner et al., (0.26 ± 0.06).
However, our result is somehow larger than that reported by McDonald21 (0.24) and smaller
than that reported by Hull et al.17 (0.55).
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Note that the quantity Nf determined from NMR and energy transfer experiments
refs.17,20,21,26 is not exactly the same as the quantity Nfol determined in this paper. The
former deals mostly with the ratio of stacked and unstacked conformations and refers to the
extent of chemical interaction between NA and AD rings, while the latter refers mostly to
the geometrical properties of NADH conformations. Therefore, some disagreement between
the results obtained by the former and the latter methods is possible and should not surprise.
Determination of the components of the two-photon excitation ten-
sor S.
As can be seen in Figs. 6, 7, and in Table 1 the excitation anisotropy parameters rl, rc,
and the parameter Ω determined from experiments were found to be almost independent
of methanol concentration. Therefore, we assumed that these parameters did not depend
on the solution composition and used for analysis their mean values calculated from Table
1 and denoted as r¯l r¯c, and Ω¯. As can be seen in Table 1 the parameter mean values are
equal to r¯l = 0.47 r¯c = −0.23, and Ω¯ = 0.8, ane the relationship between the anisotropy
parameters follows almost perfectly the formula rl = −2rc. The same relationship was
also found in our recent study of two-photon excited fluorescence in indol.39 According to
the model developed in our paper39 different signs and values of the anisotropies rl and rc
were due to different types of alignment produced by linearly polarized (LP) and circularly
polarized (CP) photons in the molecular axes distribution. In fact, in the case of one-photon
excitation the formula rl = −2rc is exact and should be valid for any molecules. However for
two-photon excitation the formula implies a certain relationship between the components of
the two-photon excitation tensor S.
The determination of the components of the two-photon excitation tensor S from the
experimental data was carried out on the basis of eqs. (5), (7). The mean values of the
fluorescence parameters r¯l, r¯c, Ω¯ determined from experiment and the normalized molecular
parameters MK(R,R
′) calculated according to eqs. (9)–(11) are collected in Table 3.
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Table 3: Molecular parameters determined from experiment.
r¯l r¯c Ω¯
M0(22)
M0(00)
M2(02)
M0(00)
M2(22)
M0(00)
0.47 -0.23 0.8 1.28±0.06 1.86±0.08 1.72±0.09
As can be seen in eq. (5) the molecular parameters MK(R,R
′) depend not only on the
two-photon excitation spherical tensor components S2γ in eq. (7), but also on the fluorescence
TDM components F1qfl in eq. (8). However, by choosing a fluorescence body frame, where
axis Zfl is parallel to the fluorescence transition dipole moment direction two from three
fluorescence TDM components F1±1 in eq. (5) were canceled out and only one component
F10 = Fz remained non-zero. In this case all M-parameters in eq. (5) were proportional to
the term |Fz|2 that could be taken outside from the sum and the particular M -parameter
expressions could be written in term of the two-photon excitation tensor components in the
form of eqs. (17)–(21) in ref.42
The inspection of the calculation data in Tables 10–12 in SI reveals that Z-component
of TDM in NADH is an order of magnitude, or more larger than X and Y components.
Moreover, as shown in Table 12 the direction of the TDM calculated in the relaxed excited
state molecular frame is almost parallel to the direction of the one-photon TDM calculated in
the ground state molecular frame. One can conclude that both molecular frames in Tables
10–12 are close to the fluorescence TDM frame described above. Therefore, within these
subsection the fluorescence TDM in NADH was assumed to be approximately parallel to the
NA ring. This frame is drawn in the bottom of Fig. 10.
The Cartesian components of the two-photon excitation tensor S calculated from the
M -parameters values in Table 3 by solving the systems of equations (17)–(21) and (22)–(25)
in our paper42 are shown in Table 4.
Table 4: Two-photon excitation parameters.
Szz
TrS
Sxx+Syy
TrS
Sxx−Syy
TrS
|S2xz+S2yz|1/2
TrS
0.95±0.05 0.05±0.05 -0.0±0.04 0.44±0.11
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The normalization factor TrS in Table 4 is equal to TrS = Sxx + Syy + Szz. As can
be seen in Table 4 the longitudinal diagonal Cartesian component Szz of the two-photon
excitation tensor dominates over the transversal diagonal components Sxx + Syy indicating
that the two-photon excitation is parallel to the direction of the fluorescence TDM. As can
be shown from eqs. (22)–(25) in ref.42 this component is described only by the normalized
value of the molecular parameter M2(0, 2) according to the expression:
Szz
TrS
=
1
3
[
1 +
M2(0, 2)
M0(00)
]
. (15)
As can also be seen in Table 4 another excitation channel described by the off-diagonal
two-photon tensor components Sxz and Syz contributed to the experimental signals along
with the diagonal two-photon excitation channel mentioned above. These off-diagonal tensor
components have in general complex values and only the combination |S2xz + S2yz| could be
determined from our experiment.
Note that the two-photon tensor components considered in this section describe the
molecular excitation by an ultrashort laser pulse at the time t = 0. In general they contain
contributions from many NADH conformations shown in Tables 5 and 6 in SI. The separation
of these contributions within a given experimental accuracy is a challenging problem.
Conclusions
The decay of polarized fluorescence in NADH dissolved in water-methanol solutions under
two-photon excitation at 720 nm by femtosecond laser pulses was studied experimentally and
theoretically. A number of fluorescence parameters have been determined from experiment
using the global fit procedure and then compared with the results reported by other authors.
Interpretation of the experimental results obtained were supported by intensive ab initio
calculations of the structure of NADH and NMNH in various solutions. The analysis of the
results obtained has led to a new explanation of the heterogeneity in the measured decay
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times in NADH and in NMNH. The explanation ia based on the influence of the internal
molecular electric field on the non-radiative decay rates of the excited molecular states.
We suggest that different charge distributions in the cis and trans configurations of the
nicotinamide ring result in different electrostatic field distributions that lead to the decay
time heterogeneity. A slight but noticeable rise of the decay times τ1 and τ2 with methanol
concentration was observed that was treated as a minor effect of non-radiative relaxation
slowing due to solution polarity decrease. As shown, the consideration of only folded and
unfolded conformation groups is insufficient for understanding the excited state dynamics in
NADH because interaction between the NA and phosphate moieties were sometimes also very
important. Determination of the rotational diffusion time in water-methanol solutions as a
function of methanol concentration allowed for determination of relative concentrations of
the folded and unfolded NADH conformations. Two-photon excitation tensor components
have been determined from the experimental data. The analysis of the results obtained
suggests the existence of two excitation channels with comparable intensities: the diagonal
longitudinal channel that dominated by the two-photon tensor component Szz, where axis Z is
in NA ring plane and off-diagonal channel dominated by the tensor components |S2xz+S2yz|1/2.
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Fitting protocol
The experimental data was processed by a global analysis procedure37 using two alternative
fitting methods: differential evolution and nonlinear least squares realized in Matlab and
in Python3, respectively. The experimental response function IRF (t) and the relative sen-
sitivity G were experimentally determined initially and then used in the fitting procedure.
The value of the relative sensitivity G was measured to be G =0.98. Experimental data
related to x and y fluorescence decay polarization components were fitted using eqs.(1) and
(2) separately for linear and circular polarized excitation to determine the global fluorescence
parameters Il, rl, τ1, τ2, a1, a2, τr and Ic, rc, τ1, τ2, a1, a2, τr, respectively. The cost function
used in the fitting procedure, was the total sum of squared deviations for x and y data sets:37
cost =
n∑
i=1
1
σy(ti)
(IY Y y(ti)− IFitY Y y(ti))2 +
n∑
i=1
1
σx(ti)
(IY Y x(ti)− IFitY Y x(ti))2, (16)
where σy and σx are weighting functions.
The minimization of the cost function in eq. (16) was carried out by constrained opti-
mization using differential evolution implemented in scipy .60
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General expression for fluorescence intensity under two-
photon excitation
A convenient expression for the excited fluorescence intensity I(t) after two-photon excitation
in the case of heterogeneity in the measured lifetimes can be presented in the form:41,42
I(t) = −C w(t)
∑
Ke
∑
K1,K2
∑
R,R′
(
[EK1(e1)⊗ EK2(e2)]Ke · EKe(efl)
)
×
√
(2K1 + 1)(2K2 + 1)(2R + 1)(2R′ + 1)
2Ke + 1

K1 K2 Ke
1 1 R′
1 1 R

× MKe(R,R′, t), (17)
where EK1Q1(e1), EK2Q2(e2), and EKeQe(efl) are the light polarization matrices
45 of the first,
second, and the fluorescence photons, respectively, and e1, e2, and efl are corresponding
photon polarization vectors.
In the conditions of one-color excitation used in our experiments the first and the second
excitation photons were the same, therefore e1 = e2. Summation in eq. (17) is proceeded
over the ranks K1, K2, Ke, R, R
′ each in general is limited to the values 0 and 2. The
term w(t) =
(
a1e
− t−t′
τ1 + a2e
− t−t′
τ2
)
describes the heterogeneous excited state decay with the
fluorescence lifetimes τ1 and τ2. The term C is a normalization constant that is proportional
to the square of the excitation light intensity, the term in braces is a 9j-symbol. The term
in parentheses eq.(17) denotes an irreducible tensor product defined as:45
(
[EK1(e1)⊗ EK2(e2)]Ke · EKe(efl)
)
=
∑
Q1,Q2,Qe
(−1)QeCKeQeK1Q1 K2Q2EK1Q1(e1)EK2Q2(e2)EKe−Qe(efl), (18)
where Q1, Q2, and Qe are the components of the ranks K1, K2, and Ke on the laboratory
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axis Z, respectively and the term CKeQeK1Q1 K2Q2 is a Clebsch-Gordan coefficient.
45
DKeqe,q′e(t) =
∑
k
dKeqek e
−EKekt
(
dKeq′ek
)∗
. (19)
The terms dKeqek in eq. (19) are expansion coefficients of the rotational diffusion opera-
tor eigenfunctions over the Wigner D-functions and EKek = 1/τ
(k)
r are diffusion operator
eigenvalues. The index k is limited to the values k = 1 . . . (2Ke + 1) and D000(t) ≡ 1.
Ab initio calculations
The optimized stable ground state geometries of 24 NADH conformations including cis and
trans in water and methanol are shown in Tables 5 and 6, respectively. The optimized
geometries of the first excited state in aqueous solution are presented in Tab. 7.
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Table 5: Optimized stable geometries of NADH conformations in their ground electronic
state in aqueous solution.
The superscript index ”+” indicates that the calculation was performed at the B3LYP-
D3BJ/6-31+G* level.
Conformation RC1B−C1D, RC6A−C2N , RNn−Op, χO5B−O5D, ϕC2N−Nn,
A˚ A˚ A˚ degree degree
1 trans 4.993 3.896 3.429 26.185 −14.644
1 cis 5.026 3.912 5.549 29.582 −175.675
2 trans 4.579 4.856 8.458 −22.497 31.639
2 cis 4.413 3.762 10.319 −24.307 170.134
3 trans 6.374 4.275 8.345 −28.231 32.536
3 cis 6.639 3.420 8.410 −42.308 170.016
4 trans 6.407 4.961 3.297 9.158 −15.899
4 cis 6.421 4.830 5.366 −0.168 −176.19
5 trans 4.129 5.927 5.447 25.614 40.384
5 cis 4.112 6.528 6.454 29.928 −174.831
6 trans 7.853 6.043 8.698 62.596 −17.281
6 cis 7.851 6.169 9.010 64.629 −173.655
7 trans 3.966 6.436 3.216 29.946 −10.228
7 cis 4.007 6.185 5.247 31.159 −175.704
8 trans 5.872 6.952 6.861 2.006 21.563 ()
8 cis 5.645 6.328 6.644 5.043 169.417
8 trans+ 5.929 7.044 6.924 1.122 24.035
9 trans 3.809 7.748 9.256 23.264 21.545
9 cis 4.755 6.389 9.882 6.469 −176.073
10 trans 6.488 11.989 3.430 21.566 −9.077
10 cis 6.092 10.698 5.379 10.520 −172.019
11 trans 10.486 11.557 4.632 145.964 −17.806
11 cis 7.751 10.655 5.346 −66.713 177.359
12 trans 9.771 13.001 8.499 −170.573 −13.732
12 cis 9.767 13.781 8.372 −169.960 −178.48366
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Table 6: Optimized stable geometries of NADH conformations in their ground electronic
state in methanol solution.
Conformation RC1B−C1D, RC6A−C2N , RNn−Op, χO5B−O5D, ϕC2N−Nn,
A˚ A˚ A˚ degree degree
1 trans 4.993 3.895 3.421 26.163 −14.595
1 cis 5.026 3.907 5.544 29.666 −175.509
2 trans 4.579 4.859 8.482 −22.801 31.776
2 cis 4.416 3.759 10.333 −24.576 170.414
3 trans 6.375 4.268 8.341 −28.661 32.646
3 cis 6.636 3.419 8.399 −42.439 170.033
4 trans 6.409 4.967 3.295 9.281 −15.804
4 cis 6.420 4.837 5.365 −0.514 −175.827
5 trans 4.058 6.058 5.455 24.385 40.649
5 cis 4.111 6.527 6.459 29.927 −175.058
6 trans 7.833 6.044 8.699 62.035 −17.163
6 cis 7.844 6.169 9.011 64.580 −173.678
7 trans 3.953 6.441 3.215 30.408 −10.419
7 cis 4.002 6.186 5.256 31.201 −175.749
8 trans 5.870 7.644 6.884 2.009 21.979
8 cis 5.645 6.330 6.640 5.036 169.664
9 trans 3.800 7.749 9.269 23.113 21.578
9 cis 4.737 6.198 9.678 7.544 −177.801
10 trans 6.490 11.984 3.435 20.906 −8.969
10 cis 6.093 10.686 5.389 9.937 −172.075
11 trans 10.409 11.824 4.652 137.844 −17.314
11 cis 7.736 10.645 3.296 −66.383 177.546
12 trans 9.772 13.799 8.50 −170.764 −13.964
12 cis 9.768 13.780 8.371 −170.105 −178.437
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Table 7: Optimized stable geometries of NADH conformations in their first excited electronic
state relaxed in aqueous solution.
Conformation RC1B−C1D, RC6A−C2N , RNn−Op, χO5B−O5D, ϕC2N−Nn,
A˚ A˚ A˚ degree degree
10 trans 6.721 12.269 3.476 29.041 −10.629
11 trans 10.923 11.465 5.289 130.550 −2.074
11 cis 8.832 11.996 5.553 −65.382 171.855
The interatomic distances RC6A−C2N , RC1B−C1D, RNn−Op and torsion angles χO5B−O5D
and ϕC2N−Nn collected in Tables 5–7 are clarified in Fig. 8. RC6A−C2N is a distance be-
tween the carbon atoms C6A and C2N that belong to AD and NA, respectively, RC1B−C1D
is a distance between C1D and C1B carbon atoms in two ribose moieties, RNn−Op is a
distance between the nitrogen atom Nn in the NA group and the oxygen atom Op in the
pyrophosphate group. The torsion angle ϕC2N−Nn describes orientation of the amide group
with respect to the NA ring and the torsion angle χO5B−O5D (C1B −O5B −O5D − C1D),
describes the relative orientation of the ribose rings.
Vertical excitation energies of four lowest electron excited states, corresponding one-
photon oscillator strengths, and ground state dispersion energies for twenty four NADH
conformers including cis and trans modifications are presented in Tables 8 and 9 in water
and methanol solutions, respectively.
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Table 8: Vertical excitation energies of four lowest excited states, corresponding oscillator
strengths (Osc.str.) from the ground electronic state, and Grimme-D3(BJ) ground state
dispersion energies in trans and cis NADH conformers in aqueous solution.
Energy, eV Energy, eV. Energy, eV Energy, eV Dispersion
Conformation (Osc.str.) (Osc.str.) (Osc.str.) (Osc.str.) energy,
Ex. state 1 Ex. state 2 Ex. state 3 Ex. state 4 Hartree, 10−4
1 trans 3.12(0.161) 3.67(0.019) 3.95(0.019) 4.22(0.029) 2023
1 cis 3.27(0.207) 3.75(0.000) 3.97(0.012) 4.34(0.008) 2002
2 trans 3.57(0.154) 3.74(0.012) 4.36(0.007) 4.41(0.007) 1886
2 cis 3.39(0.121) 3.70(0.047) 4.28(0.021) 4.31(0.024) 1921
3 trans 3.45(0.153) 3.50(0.021) 4.23(0.001) 4.52(0.043) 1964
3 cis 3.23(0.040) 3.52(0.151) 4.00(0.002) 4.41(0.188) 1970
4 trans 3.14(0.151) 3.42(0.034) 4.10(0.004) 4.33(0.066) 1964
4 cis 3.18(0.165) 3.50(0.039) 4.16(0.002) 4.27(0.055) 1956
5 trans 3.43(0.119) 3.54(0.038) 4.16(0.005) 4.62(0.333) 2034
5 cis 3.57(0.121) 3.66(0.058) 4.29(0.002) 4.53(0.001) 1971
6 trans 3.39(0.201) 3.87(0.016) 4.26(0.005) 4.56(0.059) 1801
6 cis 3.50(0.219) 3.86(0.017) 4.41(0.006) 4.51(0.000) 1809
7 trans 3.19(0.219) 3.74(0.001) 4.37(0.006) 4.38(0.002) 1941
7 cis 3.36(0.205) 3.76(0.004) 4.42(0.001) 4.48(0.017) 1982
8 trans 3.73(0.134) 4.21(0.001) 4.43(0.002) 4.58(0.033) 1911
8 cis 3.72(0.169) 4.22(0.000) 4.30(0.004) 4.47(0.026) 1916
9 trans 3.49(0.182) 3.96(0.003) 4.49(0.004) 4.58(0.004) 1902
9 cis 3.47(0.202) 3.89(0.013) 4.47(0.091) 4.49(0.002) 1838
10 trans 3.19(0.219) 4.20(0.000) 4.31(0.000) 4.34(0.003) 1761
10 cis 3.31(0.229) 4.20(0.000) 4.37(0.002) 4.66(0.411) 1787
11 trans 3.41(0.175) 3.91(0.000) 4.44(0.006) 4.59(0.000) 1679
11 cis 3.13(0.263) 3.92(0.000) 4.38(0.000) 4.67(0.416) 1839
12 trans 3.41(0.218) 3.85(0.000) 4.47(0.003) 4.54(0.000) 1725
12 cis 3.54(0.225) 3.86(0.000) 4.54(0.000) 4.55(0.001) 1725
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Table 9: Vertical excitation energies of four lowest excited states, corresponding oscillator
strengths from the ground electronic state, and Grimme-D3(BJ) ground state Dispersion
energies in trans and cis NADH conformations in methanol.
Energy, eV Energy, eV. Energy, eV Energy, eV Dispersion
Conformation (Osc.str.) (Osc.str.) (Osc.str.) (Osc.str.) energy,
Ex. state 1 Ex. state 2 Ex. state 3 Ex. state 4 Hartree, 10−4
1 trans 3.13(0.156) 3.67(0.019) 3.95(0.029) 4.23(0.009) 2023
1 cis 3.27(0.202) 3.76(0.001) 3.96(0.012) 4.35(0.008) 2003
2 trans 3.56(0.152) 3.74(0.012) 4.36(0.006) 4.41(0.007) 1887
2 cis 3.39(0.119) 3.71(0.045) 4.29(0.022) 4.31(0.021) 1921
3 trans 3.45(0.147) 3.49(0.023) 4.23(0.001) 4.52(0.038) 1965
3 cis 3.22(0.037) 3.52(0.149) 3.99(0.002) 4.39(0.181) 1971
4 trans 3.14(0.146) 3.42(0.034) 4.11(0.004) 4.33(0.064) 1965
4 cis 3.18(0.159) 3.50(0.039) 4.16(0.002) 4.26(0.054) 1956
5 trans 3.44(0.148) 3.73(0.009) 4.32(0.007) 4.54(0.127) 2017
5 cis 3.57(0.106) 3.65(0.070) 4.28(0.002) 4.52(0.001) 1971
6 trans 3.40(0.197) 3.88(0.017) 4.25(0.005) 4.57(0.110) 1802
6 cis 3.51(0.215) 3.87(0.017) 4.39(0.006) 4.51(0.000) 1811
7 trans 3.19(0.215) 3.75(0.001) 4.36(0.006) 4.38(0.001) 1942
7 cis 3.36(0.201) 3.76(0.004) 4.42(0.001) 4.47(0.016) 1983
8 trans 3.74(0.131) 4.22(0.001) 4.43(0.002) 4.58(0.032) 1912
8 cis 3.74(0.166) 4.23(0.000) 4.29(0.004) 4.46(0.023) 1917
9 trans 3.49(0.179) 3.98(0.003) 4.48(0.004) 4.57(0.000) 1904
9 cis 3.47(0.193) 3.92(0.015) 4.43(0.101) 4.52(0.001) 1855
10 trans 3.19(0.215) 4.22(0.000) 4.28(0.000) 4.33(0.003) 1762
10 cis 3.31(0.225) 4.23(0.000) 4.34(0.002) 4.67(0.405) 1787
11 trans 3.41(0.172) 3.91(0.000) 4.43(0.005) 4.59(0.000) 1678
11 cis 3.13(0.259) 3.89(0.000) 4.41(0.000) 4.67(0.409) 1840
12 trans 3.42(0.216) 3.84(0.000) 4.47(0.003) 4.53(0.000) 1725
12 cis 3.54(0.224) 3.85(0.000) 4.54(0.000) 4.55(0.001) 1725
Transition dipole moment (TDM) components under excitation of several NADH con-
formers from their ground state to the first excited state in aqueous and methanol solutions
are presented in Tables 10 and 11, respectively.
Axis Z in Tables 10 and 11 is parallel to the direction (C6N → C3N) and axis Y is
directed along the vector product (C6N → C3N) × (C4N → C2N) that is perpendicular
to the NA plane in the case of negligible puckering effect. All directions are shown in Fig.8.
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Table 10: TDM components from the ground electronic state to the first excited state in 24
NADH conformations in aqueous solution. γ is an angle between TDM direction and the
NA ring plane.
Conformation Z X Y γ, degrees
1 trans −1.384 0.010 0.161 6.65
1 cis 1.544 0.036 −0.125 −4.64
2 trans −1.260 0.171 0.160 7.16
2 cis −1.154 0.109 0.129 6.33
3 trans −1.299 −0.060 0.043 1.89
3 cis −0.597 0.114 0.318 27.57
4 trans −1.337 0.028 0.174 7.39
4 cis −1.398 0.064 0.074 3.02
5 trans −1.149 0.014 0.066 3.30
5 cis −1.134 0.034 −0.064 −3.25
6 trans −1.498 0.053 −0.084 −3.22
6 cis −1.540 0.046 −0.108 −4.02
7 trans −1.611 0.001 0.081 2.86
7 cis −1.519 0.053 0.086 3.24
8 trans −1.172 0.014 0.038 1.85
8 cis −1.312 −0.033 0.091 3.95
9 trans −1.408 0.044 0.015 0.61
9 cis −1.484 0.003 −0.091 −3.51
10 trans −1.612 0.033 0.074 2.63
10 cis −1.622 −0.038 0.027 0.95
11 trans −1.390 0.063 0.111 4.55
11 cis −1.760 0.016 0.288 9.30
12 trans −1.557 0.016 −0.025 −0.92
12 cis −1.557 −0.020 −0.027 −0.98
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Table 11: TDM components from the ground electronic state to the first excited state in 24
NADH conformations in methanol solution. γ is an angle between TDM direction and the
NA ring plane.
Conformation Z X Y γ, degrees
1 trans −1.361 0.006 0.162 6.77
1 cis 1.523 0.041 −0.123 −4.61
2 trans −1.254 0.174 0.155 6.97
2 cis −1.145 0.115 0.127 6.29
3 trans −1.270 −0.060 0.038 1.71
3 cis −0.571 0.114 0.317 28.59
4 trans −1.315 0.027 0.172 7.45
4 cis −1.375 0.062 0.072 2.99
5 trans −1.279 0.034 0.076 3.42
5 cis −1.061 0.026 −0.064 −3.44
6 trans −1.482 0.057 −0.086 −3.32
6 cis −1.522 0.049 −0.107 −4.02
7 trans −1.592 0.001 0.082 2.95
7 cis −1.503 0.052 0.086 3.26
8 trans −1.156 0.010 0.037 1.84
8 cis −1.299 −0.038 0.088 3.88
9 trans −1.396 0.046 0.013 0.55
9 cis −1.454 0.013 −0.054 −2.15
10 trans −1.596 0.031 0.072 2.60
10 cis −1.604 −0.044 0.027 0.98
11 trans −1.380 0.062 0.113 4.68
11 cis −1.742 0.014 0.289 9.42
12 trans −1.549 0.017 −0.022 −0.82
12 cis −1.550 −0.019 −0.026 −0.97
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Table 12: TDM fluorescence components from the first excited state to the ground electronic
state in the NADH conformations relaxed in aqueous solution. γ is an angle between the
fluorescence TDM direction and the NA ring plane. ξ is an angle between the excitation and
fluorescence TDM directions.
Conformation Zr Xr Yr γ, degrees ξ, dergees
10 trans 1.136 0.110 -0.076 -3.79 6.79
11 trans 1.105 0.007 -0.071 -3.67 6.07
11 cis 1.764 0.025 -0.230 7.44 2.28
Note that the coordinates X, Y, and Z in Tables 10 and 11 refer to the NADH ground
state nuclear configuration, while the coordinates Xr, Yr, and Zr in Table 12 refer to the
NADH excited state relaxed nuclear configuration.
Bonging and dihedral angles describing the deformations in the ground and first excited
states of the NA moiety in the conformation 11 of NADH (see Table 5) in water are collected
in Tables 13 and 14. The designation of atoms follows Fig.10.
Table 13: Bonding angles describing the deformations of the NA moiety in the conformation
11 of NADH in water in the ground and first excited states.
Bonding angle Ground state, Ground state, Excited state, Excited state,
cis, degrees trans, degrees cis, degrees trans, degrees
C3-C7-O 126.5 120.6 125.2 122.9
C4-C3-C7 120.8 116.3 118.1 116.0
C2-C3-C7 118.0 121.7 121.6 124.8
Table 14: Dihedral angles describing the deformations of the NA moiety in the conformation
11 of NADH in water in the ground and first excited states.
Dihedral angle Ground state, Ground state, Excited state, Excited state,
cis, degrees trans, degrees cis, degrees trans, degrees
N-C2-C3-C4 -2.0 -4.4 -5.0 9.3
C2-C3-C4-C5 3.5 7.1 6.1 -2.8
C3-C4-C5-C6 -3.0 -5.9 -3.5 -3.9
C4-C5-C6-N 0.9 1.9 -0.5 4.2
C5-C6-N-C2 1.0 1.8 2.1 2.5
C6-N-C2-C3 -0.5 -0.5 0.7 -9.4
49
Derivation of eq.(13)
We consider the anisotropic part of the experimental signal in eq.(4) consisting of a sum of
two unresolved exponents:
Ianiso(t) = Nfolwfolexp(−kfolt) + (1−Nfol)wunexp(−kunt), (20)
where kfol = τ
−1
fol and kun = τ
−1
un are rotational diffusion rate constants for folded and
unfolded confirmations, respectively, Nfol is the relative ground state concentration of the
folded conformation that is a function of the solution viscosity η, and the terms wfol and
wun are coefficients accounting for excitation probabilities from the ground state to the
first excited state and transformation of the molecular nuclear configuration due to fast
vibrational relaxation after excitation by the laser pulse.
The relationship between the probabilities wfol and wun can be obtained using the re-
sults reported by Freed et al.25 who experimentally determined the fluorescence intensity in
NADH under excitation at 334 nm in methanol-water solution as a function of methanol
concentration Ifl(η). This relationship can be presented in a form:
Ifl(η) = Nfolwfol + (1−Nfol)wun, (21)
where the probability wun can be determined from the fluorescence intensity in pure methanol
wun = Ifl(M).
In general, the rate constants kfol and kun are not the same and the corresponding signal
has a double exponential form. However, if (kfol − kun)t  1, the experimental signal in
eq.(20) can be approximately presented in a single exponential form:
Ianiso(t) = Nfolwfol exp(−kfolt) + (1−Nfol)wun exp(−kunt) ≈ C exp(−kt), (22)
where the constant C is equal to C = Nfolwfol + (1 − Nfol)wun as eq.(22) must be fulfilled
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at t = 0.
Using the Taylor expansion the sum of two exponents in eq.(22) can be transformed as:
Cexp(−γt) ≈ Ce−kfolt
(
1− (1−Nfol)wun
C
((kun − kfol)t+ 1
2
(kun − kfol)2t2)
)
. (23)
Taking the logarithm from left and right parts in eq.(23) and keeping only the linear on
(kun − kfol) terms one gets:
k ≈ Nfolwfol
C
kfol +
(1−Nfol)wun
C
kun. (24)
Equation (24) can be readily transformed to the form of eq.(13).
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